Mesenchymal stem cells (MSCs) are multipotent stem or stromal cells found in multiple tissues. Intravenous MSC injections have been used to treat various diseases with an inflammatory component in animals and humans. Inflammation is emerging as a key component of pathophysiology of intracranial aneurysms. Modulation of inflammation by MSCs may affect sustained inflammatory processes that lead to aneurysmal rupture. OBJECTIVE: To assess the effect of MSCs on the development of aneurysm rupture using a mouse model. METHODS: Intracranial aneurysms were induced with a combination of a single elastase injection into the cerebrospinal fluid and deoxycorticosterone acetate salt-induced hypertension in mice. We administered allogeneic bone marrow-derived MSCs or vehicle, 6 and 9 d after aneurysm induction. RESULTS: MSC administration significantly reduced rupture rate (vehicle control vs MSCs, 90% vs 36%; P < .05). In cell culture experiments with an MSC and mast cell coculture, MSCs stabilized mast cells through cyclooxygenase-2 (COX-2)-dependent production of prostaglandin E2, thereby reducing the release of proinflammatory cytokines from mast cells. Pretreatment of MSCs with COX-2 inhibitor, NS-398, abolished the protective effect of MSCs against the development of aneurysm rupture. CONCLUSION: Intravenous administration of MSCs after aneurysm formation prevented aneurysmal rupture in mice. The protective effect of MSCs against the development of aneurysm rupture appears to be mediated in part by the stabilization of mast cells by MSCs.
I
ntracranial aneurysm is a common cerebrovascular lesion. Unruptured aneurysms may be detected in as much as 5% of the general population. 1 Subarachnoid hemorrhage due to aneurysmal rupture causes significant adverse consequences with 30-d mortality approaching as high as 45%. 1, 2 Inflammation is emerging as a key component of pathophysiology of intracranial aneurysms. [3] [4] [5] [6] Higher degrees of infiltration of inflammatory cells including mast cells are associated with aneurysmal rupture in humans. 7, 8 ABBREVIATIONS: MSC, mesenchymal stem cell; COX-2, cyclooxygenase-2; PGE2, prostaglandin E2; TNF, tumor necrosis factor Therefore, prevention of aneurysmal rupture by modulation of inflammation is considered as a potential therapeutic approach for unruptured aneurysms. [4] [5] [6] Mesenchymal stem cells (MSCs) are multipotent progenitor cells, and they can differentiate into multiple cell types in the adult tissues. 9 In addition, MSCs can exert systemic and local anti-inflammatory effects through various mechanisms. [10] [11] [12] [13] Previous studies proposed intravenous injections of MSCs as the potential treatment of diseases with an inflammatory component in animals and humans. [11] [12] [13] Although a majority of intravenously administered MSCs can be initially trapped in the lungs, due to its size, they can reduce inflammation in peripheral tissues by secreting soluble factors that possess reparative properties.
14 A small subset of NEUROSURGERY VOLUME 81 | NUMBER 6 | DECEMBER 2017 | 1021 the intravenously administered MSCs may home in on inflammatory sites and affect the local inflammatory milieu through the modulation of various inflammatory cells, including mast cells. 15 The modulation of inflammation by intravenously injected MSCs may affect inflammatory processes that lead to aneurysmal rupture. Therefore, in this study, we assessed the effect of MSC treatment postaneurysm formation on the development of aneurysm rupture using a mouse model developed in our laboratory.
3,16
METHODS
The study was approved by the Institutional Review Board and the animal care complied with the Guide for the Care and Use of Laboratory Animals.
Intracranial Aneurysm Model and MSC Treatment
Intracranial aneurysms were induced in C57BL/6J male mice (9 wk old; The Jackson Laboratory, Bar Harbor, Massachusetts) as previously described. 3, 5, [16] [17] [18] To induce intracranial aneurysm in mice, we combined systemic hypertension with a single elastase injection into the cerebrospinal fluid. 3, 5, [16] [17] [18] Deoxycorticosterone acetate-salt hypertension was used to induce systemic hypertension. 3, 17 A single dose of elastase (0.035U) was injected into the cerebrospinal fluid at the right basal cistern. 3, 17 The definition of aneurysm in this study was as follows: a localized outward bulging of the vascular wall with a diameter greater than the parental artery diameter. 3, 16 Two blinded observers conducted daily neurological examinations of mice to detect aneurysmal rupture, as we previously described. 17 Our previous studies, including a study utilizing serial magnetic resonance imaging, found that aneurysm formation occurs during the first 6 to 7 d in this model; aneurysmal rupture begins approximately ∼7 d after aneurysm induction. 6, [17] [18] [19] Therefore, experimental treatments starting from 6 d after aneurysm induction can be used to test whether the experimental agents reduce the rupture rate. 5, 17, 18 In the current study, MSCs (1×10 6 cells per 150 μL PBS) were injected intravenously 6 and 9 d after aneurysm induction, as shown in the experimental protocol ( Figure 1A ). Human bone marrow-derived MSCs were obtained from the Texas A & M Health Science Center College of Medicine, Institute for Regenerative Medicine (Temple, Texas), National Institutes of Health repository. The adult stem cells met the MSC criteria defined by the International Society of Cellular Therapy. 20 We used human MSCs in this study for several reasons. First, human MSCs have been successfully used in multiple mouse disease models, and human MSCs exert similar therapeutic effects to mouse MSCs in mice. [21] [22] [23] [24] Second, human MSCs can evade clearance by the mouse immune system mostly because of low expression of major histocompatibility complex class II (MHCII) allowing xenogeneic transplantation.
14 In addition, the use of human MSCs enables comparisons between our study and previous studies that utilized these cells.
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Cell Culture Studies
A mast cell line, LAD2, was donated by Dr. Arnold Kirshenbaum (NIAID (National Institute of Allergy and Infectious Diseases) and National Institutes of Health Office of Technology Development). 25 The activation of LAD2 cells (human mast cell line) was achieved by the addition of a calcium ionophore (calcimycin, A23187, Sigma-Aldrich, St. Louis, Missouri), a lipid-soluble reagent. 26 Activation and degranulation of mast cells were assessed by measuring the tumor necrosis factor-α (TNF-α) release following previous studies by others. 15, 27 
Statistical Analysis
Fisher's exact was used to analyze rupture rate and the incidence of aneurysms. As an exploratory analysis, we analyzed symptom-free survival using the log-rank test. For the symptom-free survival analysis, we excluded mice that did not develop aneurysms. TNF-α concentrations in cell culture supernatants were compared using ANOVA, followed by Tukey's multiple comparison test. All results were expressed as the means ± standard deviation. Statistical significance was set at P < .05.
RESULTS
Effect of MSCs on the Development of Aneurysmal Rupture
As shown in Figure 1A , to test whether MSCs can protect against the development of aneurysm rupture, we treated mice with 1×10 6 MSCs or vehicle, twice after aneurysm formation. No difference in the overall incidence of aneurysm was observed between MSC-treated mice and vehicle-treated mice ( Figure 1B ). However, MSC treatment significantly reduced both the incidence of ruptured aneurysms ( Figure 1B ; vehicle control vs MSCs, 82% vs 33%; 9/11 vs 5/15; P < .05) and rupture rate ( Figure 1B ; vehicle control vs MSCs, 90% vs 36%; 9/10 vs 5/14; P < .05). Log-rank test of the symptom-free survival showed a significant reduction of aneurysmal rupture upon MSCs treatment (P < .05; Figure 1C ). The treatments with MSCs did not significantly affect the blood pressure (Table) . 
Effect of MSCs on Mast Cell Infiltration Into Aneurysms
Mast cells, classically known as key regulators of allergic reactions, are recently emerging as integral players in cardiovascular diseases. 7, 28 A higher degree of mast cell infiltration was found in ruptured aneurysms compared with unruptured aneurysms in humans. 7 Therefore, we hypothesized that MSCs prevent aneurysm rupture through mast cell stabilization. As a first step, we assessed the effect of MSC treatment on the infiltration and activation of mast cells in cerebral arteries. The degree of mast cell activation was assessed by histological analysis of degranulated mast cells following the method previously described by others. [29] [30] [31] Representative toluidine staining of mast cells in the aneurysms and adjacent tissues in a mice after aneurysmal induction is shown in Figure 3A . As shown in Figure 3B , MSC treatment significantly reduced the overall mast cell infiltration into cerebral arteries (5.1 ± 1.2 vs 1.3 ± 0.5, P < .05). Moreover, MSC treatment FIGURE 1. A, Experimental protocol. Our previous studies showed that the ability of an experimental agent to reduce aneurysm rupture can be tested by treating mice with the agent from day 6 postaneurysm induction. 6, 17, 18 significantly reduced the number of activated mast cells (3.7 ± 0.9 vs 0.5 ± 0.2; P < .05).
Effect of MSCs on Mast Cell Activation in Coculture
Next, we investigated the potential mechanisms by which MSCs may stabilize mast cells and prevent their release of cytokines. Mast cells are a major source of TNF-α, an inflammatory cytokine that influences various aspects of inflammation. 27 Previous studies indicated a key role of TNF-α in the pathophysiology of intracranial aneurysms 4,32 TNF-α release from mast cells has been used to assess their activation status. 15, 27 Therefore, to evaluate mast cell activation in cell culture, we measure their TNF-α release, as previously described.
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In the absence of MSCs, activation of mast cells by calcium ionophore resulted in a significant release of TNF-α (P < .05; Figure 4A ). However, coculture with MSCs significantly reduced TNF-α release from mast cells, indicating suppression of mast cell activation by MSCs (2786 ± 66 vs 1121 ± 135 pg/mL, P < .05).
Consistently with previous studies, 15, 33 prostaglandin E2 (PGE2) at 1 μM and 10 μM suppressed mast cell activation as evidenced by reduced release of TNF-α from mast cells (TNF-α: 10579 ± 1002 vs 4789 ± 789 pg/mL at 1 μM, P < .05 and 4264 ± 1114 pg/mL at 10 μM, P < .05; Figure 4A ).
We then tested PGE2 release from mast cells and MSCs. Mast cells did not release PGE2 upon activation by calcium ionophore. However, the activation of MSCs by calcium ionophore induced the release of PGE2 (0 ± 0 [undetectable] vs 7937 ± 1325 pg/mL, P < .05; Figure 4B ). The addition of mast cells to MSCs augmented the release of PGE2 (7937 ± 1325 vs 17234 ± 795 pg/mL, P < .05; Figure 4B ).
Cyclooxygenase-2 (COX-2) is required for PGE2 production from arachidonic acid. Consistently with previous studies, 15, 33 NS-398 (COX-2 inhibitor) decreased PGE2 secretion by MSCs in a dose-dependent manner (vehicle vs 0.1, 0.5, 1.0, and 10 μM of NS-398, 2002 ± 103 vs 593 ± 59, 429 ± 43, 158 ± 16 pg/mL, and 0 pg/mL, respectively, P < .05; Figure 4B ).
Next step, we tested whether COX-2 inhibitor abolishes the mast cell-stabilizing effect of MSCs. As shown in Figure 4C , the addition of MSCs significantly stabilized mast cells, as indicated by decreased TNF-α release from mast cells (activated mast cells only vs activated mast cells with MSCs, 10580 ± 1002 vs 4512 ± 140 pg/mL, P < .05). Treatment of MSCs with COX-2 inhibitor abrogated the stabilizing effect of MSCs on mast cells (MSCs vs MSCs pretreated with COX-2 inhibitor, 4512 ± 140 vs 8894 ± 358 pg/mL, P < .05).
Pretreatment of MSCs with COX-2 Inhibitor Abolished Their Protective Effect of MSCs
To test whether the protective effect of MSCs against the development of aneurysmal rupture is dependent on COX-2 in MSCs, we pretreated MSCs with COX-2 inhibitor in Vitro and then administered these pretreated MSCs to mice.
As shown in Figure 1B and C, pretreatment of MSCs with COX-2 inhibitor abolished their protective effect against the development of aneurysmal rupture, as evidenced by the finding that mice that received COX-2 inhibitor-pretreated MSCs had a significantly higher rupture rate than mice that received MSCs
FIGURE 3. Mast cell in intracranial aneurysm tissues from the mouse model. A, Representative toluidine staining of mast cells in the aneurysms and adjacent tissues in a mice after aneurysmal induction. B, Mast cell counting. Control: mice that did not receive aneurysm induction surgery or MSC treatment. Vehicle: mice that received aneurysm induction surgery and vehicle treatment. MSC: mice that received aneurysm induction surgery and MSC treatment.
without COX-2 pretreatment (rupture rate: MSC vs COX-2 inhibitor treated MSC: 33% vs 71%; 5/14 vs 12/14; P < .05; incidence of ruptured aneurysms: MSC vs COX-2 inhibitor treated MSC: 36% vs 86%; 5/15 vs 12/17; P < .05).
DISCUSSION
Both clinical and animal studies strongly suggest the key role of inflammation in processes that lead to aneurysmal rupture. 4, 34, 35 Analysis of human intracranial aneurysms revealed a higher degree of mast cell infiltration in ruptured intracranial aneurysms than in unruptured aneurysms, 7 indicating a potentially significant role of mast cells in the development of aneurysmal rupture. Mast cells may therefore serve as a therapeutic target for the prevention of aneurysmal ruptures. In this study, we showed that the intravenous MSC administration after aneurysm formation reduced aneurysmal rupture in mice. MSC treatment reduced the number of activated mast cells in aneurysms. In addition, our cell culture experiments verified that MSCs stabilize mast cells and suppress the release of proinflammatory cytokines from mast cells, confirming previous observations by others. 15, 33 Furthermore, mast cell stabilization by MSC in cell culture was dependent on COX-2 mediated production of cytokines from MSCs. Finally, the pretreatment of MSCs with a selective COX-2 inhibitor abolished the protective effect of MSCs against the development of aneurysmal rupture. Intravenous MSC infusion may thus prevent aneurysmal rupture by stabilizing mast cells in a COX-2-dependent manner. This preliminary study provides basis for future investigations to further examine the administration of MSCs or MSC-derived factors as a potential therapeutic strategy for the prevention of aneurysmal rupture. While this study indicates the involvement of COX-2 in MSCs' protective effect, the exact mechanism is not clear. In this study, we did not investigate the fate of exogenously administered MSCs in this model. Previous studies have shown that more than 80% of exogenously administered MSCs initially accumulate in the lungs with a 24 h clearance half-life. [36] [37] [38] Only a small fraction of MSCs (0.0005%) can reach the brain. 39 MSCs may exert their effects after reaching to the aneurysm site, but it is more likely that effects are more systemic as previously postulated in other disease models. [36] [37] [38] Anti-inflammatory cytokines secreted from MSCs trapped in the lungs, the spleen, and the liver may affect the inflammation of aneurysm wall in an endocrine fashion. Unfortunately, it is technically challenging to identify the exact time points of which MSCs can be detected in or near aneurysms.
In this study, MSCs were administered exogenously and, therefore, potential protective effects of MSCs may have been exaggerated in our model. However, it is possible that endogenous MSCs exert a similar protective effect. Unstable aneurysms that are prone to rupture show a higher degree of inflammation by magnetic resonance imaging. 8, 35 Stabilization of inflammation by MSCs may represents one of the intrinsic protective mechanisms that keep aneurysms stable preventing their rupture.
A previous study analyzing human intracranial aneurysm revealed the localization of COX-2 and microsomal prostaglandin E2 synthase-1 (mPGE2-S1), 2 enzymes that are required for PGE2 production, to the aneurysmal wall, albeit the exact cell type expressing COX-2 or microsomal PGE2 synthase type 1 (mPGE2-S1) has not been identified. 40 Mice lacking mPGE2-S1 had a higher rupture rate and higher associated mortality than wild-type mice. 41 The potential contribution of the pathways that involve PGE2 and COX-2 to the stabilization of aneurysms was further suggested by our current in Vitro and animal studies. Taken together, the findings from our study and previous investigations by other groups suggest that the COX-2-dependent production of PGE2 by MSCs may protect against the development of aneurysmal rupture by stabilizing mast cells.
Previous studies by our groups and others have shown that a majority of aneurysmal ruptures were detected during 6 to 12 d after elastase injection in this model. 4, 5, 17, 18, 42 Intravenously administered MSCs disappear from the systemic circulation within 2 to 3 d. 36, 38 Therefore, to maximize therapeutic potential of MSCs for the prevention of aneurysmal rupture, MSCs were administered at day 6 and 9 post elastase injection. The same regimen of the 2 MSC injections was previously used in other disease models. [43] [44] [45] [46] We used the dose of MSCs (1 × 10 6 cells) based on the previous studies. 33, 43, 46, 47 More frequent dosing or a higher dose may further reduce the rupture rate. Alternatively, a single injection may be sufficient. Future studies should identify the optimal dosing strategy.
This study focused on the interaction between mast cells and MSCs as a potential mechanism for the protective effect of MSCs against the development of aneurysmal rupture. However, the exact mechanism may be more complex. Previous studies suggested that MSCs affect various types of inflammatory cells including lymphocytes and macrophages. 48 The protective effect of MSCs against the development of aneurysmal rupture may therefore be mediated by the intricate interaction between MSCs and various inflammatory cell types.
Limitations
There are several limitations to the current study, as follows. (1) Despite multiple clinical trials demonstrating that MSC administration is safe and without immediate complications, the long-term risk of stem cell-based therapy (eg, iatrogenic tumor formation) is currently unknown. 49 (2) More research is needed to determine the optimal dose, route, and timing of delivery as well as the source of MSCs, since MSCs can be harvested from multiple tissue sources including the bone marrow, fat, placenta, and other tissues. 20 (3) In this study, we used only male mice. Our previous studies showed the roles of sex steroids in the pathophysiology of intracranial aneurysms. Effects of sex differences and menopausal state should be carefully studied in future studies. (4) MSCs treatment may affect the severity of subarachnoid hemorrhage, thereby potentially influencing outcomes after aneurysmal subarachnoid hemorrhage. Because of the small number of mice with aneurysmal subarachnoid hemorrhage in the MSC-treated group, we could not assess the effects of MSCs on the hemorrhage size. (5) There might be a trend for MSC treatment to increase blood pressure. Our sample size was too small to detect the statistical difference, if there was indeed a difference. However, it is more likely that MSC treatment causes hypotension as a result of the release of nitric oxide. Moreover, the higher blood pressure, if it happened, would promote more aneurysm ruptures as we described previously. 18 (6) Perhaps, more importantly, little information is available regarding whether the effects of MSC administration are permanent or long lasting.
Although there is an increasing interest in utilizing MSCs in treating various diseases that are mediated by inflammation, stem cell-based therapy still carry some concerns including a risk for formation of iatrogenic tumor and growth of pre-existing tumor growth. 50 As a possible alternative strategy, acellular microvesicles isolated from MSCs ex vivo may be used, avoiding the potential adverse effects related to the treatment using live cells. 51, 52 Microvesicles are anuclear membrane-bound fragments that can be released from MSCs as exosomes or as shedding vesicles arising from the plasma membrane. 51 MSC-derived microvesicles can accumulate in tissues with inflammation, transfer biologically active proteins, and promote tissue repair and suppress inflammation. 52 Future studies should examine the potential of MSCsderived microvesicles in the prevention of aneurysmal rupture.
CONCLUSION
In conclusion, we demonstrated the potentially protective effect of MSCs against the development of aneurysmal rupture in a mouse model of intracranial aneurysm. MSCs that were administered after aneurysm formation prevented aneurysm rupture, suggesting that MSCs can affect the stability of matured aneurysms. Endogenous MSCs may affect the natural course of aneurysms (rupture vs stabilization) by modulating the inflammation of aneurysmal wall.
Stabilization of aneurysms may be facilitated by the administration of MSCs or pharmacological augmentation of MSCs.
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